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ji. . Abstract 

r~| ! Large extra dimensions, of size of order of TeV^^ ~ 10^^^ 

cm, arise naturally in the context of supersymmetry break- 
ing in string theory, while strings at a TeV scale offer a 
solution to the gauge hierarchy problem, as an alternative 

C^ ' to softly broken supersymmetry or technicolor. In this short 

review, ^ we present consistent perturbative realizations of 
string theories with large volume compactifications and low 
string tensions, and discuss their main physical implications. 
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1. Introduction 

Since the discovery that superstring theory was providing an ul- 
traviolet regulator of quantum gravity, it has been customary to 
associate it with sub-Planckian physics, far out of reach of labora- 
tory experiments. This expectation is natural in the conventional 
supersymmetric unification scenario at mcuT — 3 x 10^^ GeV, and 
met in the phenomenologically most promising weakly coupled het- 
erotic string theory, which gives a qualitative description thereof. 
Despite this success, there are some physical motivations suggest- 
ing that large volume compactifications may be relevant for physics. 
One comes from the quantitative description of the gauge coupling 
unification which is off by roughly two orders of magnitude. An- 
other results from the problem of supersymmetry breaking in string 
theory that requires a compactification scale of the order of a few 
TeV [m . This is one of the very few general predictions of (pertur- 
bative) string theory, which relates the supersymmetry breaking 
scale to the size of internal compact dimensions [0 . 

Large volume compactifications imply that the heterotic string 
is strongly coupled and is described by some dual weakly coupled 
theory, namely type I (in general type I'), or type II (IIA or IIB) 0. 
A general property of these theories is that gauge interactions are 
localized on p-branes with p < 9 and therefore gauge particles and 
gravity propagate in different spacetime dimensions |^ . In this new 
context, the four- dimensional (4d) Planck length /p = Mp ^ — 10^^^ 
cm is no longer thought of as a fundamental microscopic scale, but 
as a derived quantity from the string scale Ig = M~^, the compact- 
ification parameters and the string coupling A^ . The fundamen- 
tal string scale can therefore be anywhere above the TeV scale ^. 
In particular, if it were at the TeV, the gauge hierarchy problem 
would be nullified without the need for low energy supersymmetry 



or technicolor 0, |, g, that protect the Higgs mass [|10| against 
quadratically divergent corrections. The price to pay is to intro- 
duce hierarchically large transverse dimensions felt only by gravity 
(type I/I') P, |lll], or an extremely small string coupling (type II) 
[ |r^ , and in our present state of understanding to renounce to the 
conventional gauge unification. The gain is a new prospect on the 
gauge hierarchy, supersymmetry breaking and possibly cosmologi- 
cal constant problems, and most excitingly potential experimental 
signatures at next-round colliders. In the following, we will review 
the possibilities for lowering the fundamental scale in various string 
frameworks, and discuss their main experimental consequences. 

Unification of gauge interactions and gravity would be achieved 
upon finding a particular string vacuum that reproduces the par- 
ticle spectrum, masses and couplings of the Standard Model, to- 
gether with the correct Newton constant and quasi-vanishing cos- 
mological constant. By lack of an acceptable candidate, we will 
restrict ourselves to the requirement that the correct Planck mass 
Mp = 1.2 X 10^^ GeV and gauge coupling constant gyu — 1/5, 
describing the gravitational and electrostatic interactions in units 
of h and c 

M1M2 _ 9UQ1Q2 ., ,. 

MpT r 

respectively, be reproduced. In particular, we identify the three 
gauge couplings assuming standard perturbative unification. 

2. TeV^ dimensions in heterotic string 

In heterotic string, gauge and gravitational interactions appear at 
the same (tree) level of string perturbation theory corresponding to 
spherical worldsheets. The lOd effective action is given on dimen- 



sional grounds by 



S= f[d''x]\-^n+-^F^ + ..], (2.1 



in a self-explanatory notation. Upon compactification on a six- 
manifold of volume Vq, we read off the Planck mass and gauge 
coupling: 
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SO that at tree level 



Mh = gyuMp , Ah = (?ymV^6//h • (2-3) 

Given that gym ~ 1, the Planck and string scales appear to be in- 
timately tied, thus justifying the afore-mentioned prejudice. More 
precisely, one finds Mh — 10^^ GeV, which is a factor of 30 larger 
than the unification scale mcuT- This may be considered either as a 
success in comparison of the hierarchy between the weak scale and 
the unification scale, or as a mild call for going beyond the weak 
coupling regime ||^. This identification is of course valid when the 
string coupling is small Ah < 1, which implies that the compactifi- 
cation volume should be roughly of string size Vq ~ /j^-Q 

By introducing a large TeV dimension, needed to break su- 
persymmetry by compactification, the string coupling Ah becomes 
huge, invalidating the perturbative description. From the 4d point 
of view, the problem arises due to the infinite massive tower of 
Kaluza-Klein (KK) excitations that are produced at energies above 
the compactification scale and contribute to physical processes: 
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M^ = Ml + —- m = 0,±l,..., (2.4) 



■^We restrict ourselves to compactifieation volumes larger than the string 
length since for smaller volumes there are light winding modes that can be 
traded for ordinary Kaluza-Klein states by use of T-duality. 



where Mq is a 5d mass and R is the radius of an extra (fifth) di- 
mension. In this context, a possible way out consists of imposing 
a set of conditions to the low energy theory that prevent the effec- 
tive couplings to diverge ||l|. An example of such conditions is that 
KK modes should be organized into multiplets of A^ = 4 supersym- 
metry, containing for each spin-1 particle 4 Weyl fermions and 6 
scalars with the same quantum numbers, so that their contribution 
to beta-functions vanishes for every m 7^ and gauge couplings 
remain finite. 

The problem of strong coupling can now be addressed using 
the recent results on string dualities. For instance, in the mini- 
mal case of one large dimension, the dual weakly coupled descrip- 
tion is provided by type JIB string theory, the tension of which 
appears as a non-perturbative threshold below the heterotic scale 



31 • ^11 ~ 5'ymV-R^H) so that Mn is at intermediate energies of 
order 10^^ GeV when i? ~ 1 TeV~^. At energies above the TeV 
but below the IIB string scale Mn, the effective higher-dimensional 
theory is described by a non-trivial infrared fixed point of the renor- 



malization group |T^, which encodes the conditions needed to be 
imposed in the low energy couplings in order to ensure a smooth 
ultraviolet (UV) behavior, in the absence of gravity. These con- 
ditions generalize the requirement of A^ = 4 supersymmetry for 
the KK excitations, that keep gauge couplings well behaved, to the 
Yukawa and other couplings of the theory. A generic property of 
these models is that chiral matter is localized at particular points of 
the large internal dimensions. As a result, quarks and leptons have 
no KK TeV excitations, which is welcome also for phenomenological 
reasons in order to avoid fast proton decay |l|, |1^ . It is remarkable 
that the main features of these models were captured already in the 
context of the heterotic string despite its strong coupling. 



3. Realization of TeV strings 

3.1. Type I strings 

In ten dimensions, the strongly coupled 5*0(32) heterotic string 
is described by the type I string, which upon T-duality to type 1' 
is actually equivalent to the Horava-Witten M-theory. Type I/I' 
is a theory of closed and open unoriented strings. Closed strings 
describe gravity, while gauge interactions are described by open 
strings whose ends are confined to propagate on D-branes. As a 
result, gauge and gravitational interactions appear at different order 
in perturbation theory and the effective action reads 

S = j\d""A^T^ + j[d''^'A^,F' + • • • , (3.1) 

where the l/Aj factor in the gauge kinetic terms confined on a p- 
brane corresponds to the disk diagram. 

Upon compactification to four dimensions, the Planck length 
and gauge couplings are given at leading order by 

\ = Y^, ^ = J1_, (3.2) 

where V\\ (V^) denotes the compactification volume longitudinal 
(transverse) to the p-brane. In this case, the requirement of weak 
coupling Ai < 1 implies that the size of the longitudinal space must 
be of order of the string length {y\\ ~ /f" ), while the transverse 
volume Vj_ remains unrestricted. One thus has 

n^ 7;ii/2+" 
~ 'W' ' ~ 5'ym^II ) 1<3-<3J 

to be compared with the heterotic relations ( |2.3| ). Here, v\\ > 1 is the 
longitudinal volume in string units, and we assumed an isotropic 
transverse space of ra = 9 — p compact dimensions of radius R±. 

6 



Taking the type I string scale to be at the TeV, one finds a size 
for the transverse dimensions varying from 10^ km, .1 mm, down to 
.1 fermi for n = 1, 2, or 6 large dimensions. The case n = 1 is obvi- 
ously experimentally excluded, but, as we shall discuss in Section 4, 
all the other possibilities are consistent with observations, although 
barely in the n = 2 case [^. In particular, sub- millimeter trans- 
verse directions are compatible with the present constraints from 
short- distance gravity measurements . An important property of 
these models is that gravity becomes strong at the TeV, although 
the string coupling Ai remains weak. In fact, the first relation of eq. 
(|3.3| ) can be understood as a consequence of the (4 + n)-dimensional 
Gauss law for gravity, with gyu^i^^^'^W ^^le Newton constant in 4 -|- n 
dimensions. 

3.2. Type 11 A strings 

Upon compactification to 6 dimensions or lower, the heterotic 
string admits another dual description in terms of type IIA string 
theory compactified on a Calabi-Yau manifold. For simplicity, we 
shall restrict ourselves to compactifications on K^ x T^, yielding 
A^ = 4 supersymmetry, even though more phenomenological models 
with A^ = 1 supersymmetry would require F-theory on a Calabi-Yau 
four- fold, which is poorly understood at present. In contrast to het- 
erotic and type I strings, non-abelian gauge symmetries in type IIA 
models arise non-perturbatively (even though at arbitrarily weak 
coupling) in singular compactifications, where the massless gauge 
bosons are provided by D2-branes wrapped around non-trivial van- 
ishing 2-cycles. The resulting gauge interactions are localized on 
A'a (similar to a Neveu-Schwarz five-brane), while matter multi- 
plets would arise from further singularities, localized completely on 
the 6d internal space. 



It follows that gauge kinetic terms are independent of the string 
coupling AiiA but given instead by the size vt'^ of the two-torus T^ 
in string units, so that 



9ym 'p ^iia'ii 



^-Vt2, 72=^n^- (3.4) 



The volume of T^ should therefore be of order /^j, to reproduce 
qym ~ 1, while the Planck scale is expressed by 

^p = fl'YM AiiA VrI hi ■ (3.5) 



In contrast to the type I relation ( p.3| ) where only the volume of the 
internal six-manifold was appearing, we now have the freedom to 
use both the string coupling and the volume of K^ to separate the 
Planck mass at 10^^ GeV from a string scale at 1 TeV. In particular, 
we can choose a string-size internal manifold, and have an ultra- 
weak coupling An = 10^^'* to account for the hierarchy between the 



weak scale and the Planck scale fi% ■ 



3.3. Type IIB strings 

Finally, we may also consider type IIB constructions, in which 
gauge symmetries still arise from vanishing 2-cycles of K^, but take 
the form of tensionless strings in 6 dimensions, given by D3-branes 
wrapped on the vanishing cycles. Only after further compactifica- 
tion does this theory reduce to a standard gauge symmetry, whose 
coupling involves the shape Ut2 rather than the volume of the torus 
T\ 

1_ _ Vt2VK3 

„2 "--i- ' ]2 ~ \2 72 

yYM 'P ^IIB'-II 



-2— - Mr2 , -j= . (3.6) 



In the case of a rectangular torus, its shape is given by the ratio of 
its two radii ut^ = -R1/-R2. 

Comparing with eq. (|3.4| ), it is clear that the situation in type 
IIB is the same as type IIA, unless the size of T^ is much larger 
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than the string length. Since T^ is felt by gauge interactions, its 
size cannot be larger than TeV~^ implying that the type IIB string 
scale should be much larger than TeV. Considering a rectangular 
torus of radii R and (^ym-^; ^^^ finds 

7 -1 \ -1/2 ''II to ^\ 

Ip = 9ym ^iib Vk^' — , (3.7) 

showing that the largest value for the string tension, when R ~ 
TeV~^, is an intermediate scale 10^^ GeV with vk-^ ~ Aub ~ 1- 
This is precisely the case that describes the heterotic string with 
one TeV dimension, which we discussed is Section 2. It is the only 
example of longitudinal dimensions larger than the string length in 
a weakly coupled theory. In the energy range between the KK scale 
1/R and the string scale l/Zn, one has an effective 6d theory without 
gravity at a non-trivial superconformal fixed point described by a 



tensionless string |]T3 



3.4- Are there more possibilities ? 

As we mentioned, the type I/I' and type IIA/IIB theories can be 
seen as dual descriptions of the heterotic string at strong coupling. 
Somewhat surprisingly, it turns out that all TeV scale string mod- 
els that we have discussed can be recovered as different strongly 
coupled decompactification limits of the heterotic string, assuming 
only one large scale in addition to the Planck-size heterotic tension. 
More precisely, we consider the heterotic string compactified on a 
six-torus with k large dimensions of radius i? ^ /h and 6 — k string- 
size dimensions. Since the string coupling is strong, the relations 
( |2.2| ) strictly hold only for cases with maximal supersymmetry, so 
that tree-level gravitational and gauge kinetic terms ( p.2p are not 
corrected, and it is possible though unlikely that we may overlook 
new possibilities in restricting to this simple case. 
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Figure 1: Realizations of large dimensions and/or low string scale. 

Applying the standard duality map, it is quite easy to show that 
the type I' theory with n transverse dimensions offers a weakly 
coupled dual description for the heterotic string with k = 4, 5, 6 
large dimensions, k = 4 is described by n = 2, k = 6 (for 50(32) 
gauge group) is described by n = 6, while for n = 5 one finds a type 
I' model with 5 large transverse dimensions and one extra-large. 
The type II theory on the other hand provides a weakly coupled 
description for k = 1, 2, 3, 4 and k = 6 (for E^ x E^). In particular, 
k = 1 yields the type IIB model with string tension at intermediate 
energies that we discussed in Sections 2 and 3.3; A; = 2 is described 
by the type IIA model with infinitesimal coupling, while for A; = 3 
the four (transverse) K^ directions should be extra large. 

4. Experimental predictions 

The main predictions of string theories with large volume com- 
pactifications and/or low fundamental scale discussed above follow 
from the existence of (i) large longitudinal dimensions felt by gauge 
interactions, (ii) extra large transverse transverse dimensions felt 
only by gravity that becomes strong at low energies, and (iii) strings 
with low tension. In table ^ we summarize how these possibilities 
can be realized in various weakly coupled string theories. 
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4.I. Longitudinal dimensions 

They exist generically in all realizations of table |l], with the ex- 
ception of type I TeV strings with six transverse dimensions in the 
fermi region. Their main implication is the existence of KK exci- 
tations ( p.4| ) for all Standard Model gauge bosons and possibly the 
Higgs [|10[- They couple to quarks and leptons which are localized 
in the compact space, and generate at low energies four-fermion 
and higher dimensional effective operators. The current limits on 
their size arise then from the bounds of compositeness or from other 
indirect effects, such as in the Fermi constant and LEP2 data, and 
lie in the range of a couple of TeV [0, |16| , if the string scale is not 



far from the compactification scale. Otherwise, for more than two 
longitudinal dimensions, the limits are much higher because the 



sum over KK modes is power-like divergent [Q . This is consistent 
with the type IIB realization in table ^ 

The most exciting possibility is of course their discovery through 
direct production of KK excitations, for instance in hadron colliders 



such as the Tevatron and LHC, via Drell-Yan processes [0. The 
corresponding KK resonances are narrow with a width-to-mass ra- 
tio T/M ~ (yfyivi ~ ^ few per cent, and thus the typical expected 
signal is the production of a double resonance corresponding the 
first KK mode of the photon and Z, very nearly spaced one from 
the other. On the other hand, the non-observation of deviations 
from the Standard Model prediction of the total number of lepton 
pairs at LHC would translate into a lower bound of about 7 and 9 
TeV, for one and two large dimensions, respectively. 

4-2. Supersymmetry breaking by compactification 

Large TeV~^ dimensions can be used to break supersymmetry 
by compactification. This breaking is realized through boundary 
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conditions and is similar to the effects of finite temperature with 
the identification T = R^^. It follows that the breaking is extremely 
soft and insensitive to the UV physics above the compactification 
scale. The summation over the KK excitations amounts to inserting 
the Boltzmann factors e~^^'^ to all thermodynamic quantities -or 
equivalently to the soft breaking terms- that suppress exponentially 
their UV behavior [|l], ITsf. This is in contrast to the behavior of 
super symmetric couplings that generally blow up, unless special 
conditions are imposed. 

The extreme softness of supersymmetry breaking by compacti- 
fication implies a particular spectroscopy of superparticles that dif- 
fers drastically from other scenarios [jl], |19|. In the simplest case, 



supersymmetry breaking generates a universal tree-level mass for 
gauginos, while scalar masses vanish at tree-level. The latter are in- 
sensitive to the UV cutoff at one loop, and thus squarks and leptons 
are naturally an order of magnitude lighter than gauginos. On the 
other hand, if the Higgs scalar lives in the bulk of the extra (TeV) 
dimension(s), a heavy higgsino mass is automatically generated and 
there is no /i-problem. 

4-3. Transverse dimensions and low scale quantum gravity 

They exist generically in all type I/I' realizations of TeV strings 
and their size can be as large as a millimeter, which is the shortest 
distance to which gravity has been directly tested experimentally 
[ pO[| . The strongest bounds obviously apply for the case of 2 trans- 
verse (sub) millimeter dimensions and come from astrophysics and 
cosmology |]T5[. Indeed, graviton emission during supernovae cool- 
ing restricts the 6d Planck scale to be larger than about 50 TeV, 
implying Mj > 7 TeV, while the graviton decay contribution to 
the cosmic diffuse gamma radiation gives even stronger bounds of 
about 110 TeV and 15 TeV for the two scales, respectively. 
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The main experimental signal in particle accelerators is graviton 
emission into the higher- dimensional bulk, leading to jets and miss- 
ing energy events [Q. LHC will be sensitive to higher- dimensional 
gravity scales in the range of 3 to 5 TeV, when the number of 
transverse dimensions varies from six at the sub-fermi to two at the 



sub-millimeter region, where the effect becomes stronger [^, |21 
When the available energy becomes higher than the gravity scale, 
gravitational interactions are strong and particle colliders become 
the best probes for quantum gravity. 

4.4- Low scale strings 

The main experimental signal of low scale strings is the pro- 
duction of higher-spin Regge excitations for all Standard Model 
particles, with same quantum numbers and mass-squared increas- 
ing linearly with spin. For instance, the excitations of the gluon 
could show up as a series of peaks in jet production at LHC. How- 
ever, the corresponding resonances might be very narrow, with a 
width-to-mass ratio T/M ~ Aj of a few per thousand if f y ~ 1 in eq. 



( |3.3|) , and thus difficult to detect. On the other hand, in the type 
HA realization of TeV strings of table fusing an infinitesimal string 
coupling AiiA ~ 10^^^, string interactions are extremely suppressed 
and there are no observable effects other than KK excitations of 
gauge particles, all the way up to 4d Planckian energies. 

4-5. Physics with large dimensions 

The possibility of large dimensions can be used to address many 
physical problems of high energy physics from a new perspective. 
In particular, longitudinal (TeV) dimensions can be used to break 
supersymmetry as in their original motivation [|l| that we discussed 



above, or to lower the unification scale |22] using power law running 



2^ . On the other hand, extra large transverse dimensions can 
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be used to suppress proton decay by gauging baryon number in 
the bulk [^ , or to generate small neutrino masses and oscillations 
by identifying for instance the right-handed neutrino with a bulk 
fermion ||2^ . 



4-6. Gravity modification in the (suh) millimeter range 

Another category of predictions consists in modifications of grav- 
itation at short distances. These deviations could be measured in 



experiments which test gravity in the sub- millimeter range ||2CI|| . 
There are two classes of such predictions p5 



(i) Deviations from the Newton law 1/r^ behavior to l/r^^", for 
n extra large transverse dimensions, which can be observable for 
n = 2 dimensions of sub-millimeter size. This case is particularly 
attractive on theoretical grounds because of the logarithmic sensi- 
tivity of Standard Model couplings on the size of transverse space 
[P], but also for phenomenological reasons since the effects in par- 
ticle colliders are maximally enhanced. Notice also the coincidence 
of this scale with the possible value of the cosmological constant in 
the universe that recent observations seem to support. 
(ii) New scalar forces in the sub-millimeter range, motivated by the 
problem of supersymmetry breaking, and mediated by light scalar 
fields with masses 

2 

Tn 

^^ ~ 10-^ - 10-2 eV , (4.1) 

Mp ' ^ ^ 

for a supersymmetry breaking scale rususy — 1 — 10 TeV. These cor- 
respond to Compton wavelengths in the range of 1 mm to 10 /im. 
^^susy can be either the KK scale 1/ R if supersymmetry is broken 
by compactification, or the string scale if it is broken "maximally" 
on our world-brane. Moreover, the scalar mediating the force is 
the radius modulus Ini? (in Planck units), with R the radius of 
the longitudinal or transverse dimension(s), respectively. Indeed, 
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in the former case, this is due to the behavior of the vacuum en- 
ergy density A ~ 1/ R^ for large i?, up to logarithmic corrections 
[0. In the latter case, supersymmetry is broken primarily on the 



brane only, and thus its transmission to the bulk is gravitationally 
suppressed, leading to masses ( [4.1D P] . The coupling of these light 
scalars to nuclei can be computed since it arises dominantly through 
the radius dependence of Aqcd, or equivalently of the QCD gauge 
coupling. In the former case, it is roughly 1/3 x gravity, while in 
the latter it is again comparable to gravity in theories with loga- 
rithmic sensitivity on the size of transverse space. The resulting 
forces can therefore be within reach of upcoming experiments. 
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